The interplay of efficiency and morphology in photovoltaic devices based on interpenetrating networks of conjugated polymers with fullerenes Gebeyehu, D.; Brabec, C.J.; Padinger, F.; Fromherz, T.; Hummelen, Jan; Badt, D.; Schindler, H.; Sariciftci, N.S. Take-down policy If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately and investigate your claim. 
Introduction
While photovoltaic technology offers great potential as a renewable, alternative source of electrical energy, one of the main reasons that such potential is not yet fully utilized is the dif®culty making such devices at a cost competitive with the cost of conventional energy sources. Therefore, the demand for inexpensive, renewable energy sources is a strong driving force for the research efforts on low-cost photovoltaic device technologies. In the last decades, much effort has been put into the development of solar cells based on organic molecules and conjugated polymers [1±9] . Polymeric materials have technological advantages over conventional inorganic materials in the reduction of production costs by large scale production, combined with the possibility to produce large area¯exible devices and the tunability of the electronic bandgap by chemical synthesis. Until now, the best photovoltaic energy conversion ef®ciencies for different organic solid state solar cells are typically in the range of 1% [3, 8, 10] .
For the generation of electrical power by illumination it is necessary to spatially separate the electron±hole (e±h) pair generated in the absorption process before geminate recombination takes place. In conjugated polymers, the separation of the photoexcited e±h pair can be achieved by blending the polymer with an acceptor molecule having an electron af®nity which ful®lls the inequality I Ã p À E a À U eff`0 where I Ã p is the ionization potential of the excited donor, E a the electron affinity of the acceptor and U eff all Coulomb correlations including the polarization effects. Under these conditions it is energetically favorable for the excited conjugated polymer to transfer an electron to the acceptor Synthetic Metals 118 (2001) 1±9 molecule, while a hole remains in the polymer valence band. Conjugated polymers such as derivatives of poly(para-phenylenevinylenes) or polythiophenes exhibit an ultrafast photoinduced electron transfer to C 60 with forward transfer faster than 100 fs in the solid state [11±13] . Thus, the quantum yield of the charge separation in such D/A blends is near unity. The charge separated state, however, is metastable at low temperatures. This photophysical process, resembling the primary steps of photosynthesis, has been utilized to fabricate solar cells [6±9] . Studies of conjugated polymer/fullerene photovoltaic devices showed that the energy conversion efficiency is limited by saturation of the photocurrent at high light intensities, which is assigned to loss mechanisms during the collection of the charges at the electrodes [8, 14] . This is mainly due to the unbalanced transport of the charge carriers, a consequence of the different mobilities of the single compounds, i.e. holes on the conjugated polymer and electrons on the fullerenes, leading to different effective mean free paths.
The performance of such bulk heterojunction devices is signi®cantly enhanced compared to devices made from single components and at least equivalent to optimized donor±acceptor bilayer devices [15] . For devices working with an interpenetrating network of donors and acceptors carrier collection ef®ciencies as high as 29% and monochromatic power conversion ef®ciencies between 3 [8] and 5% [9] have been reported. Additionally, large area plastic solar cells with comparable performance based on a composite from poly(2-methoxy-5-(3 H ,7 H -dimethyloctyloxy)-1,4-phenylene vinylene) (MDMO-PPV) and (phenyl- [6, 6] 
The rather high ef®ciencies of the bulk heterojunction photovoltaic devices have been achieved using phase-separated composite materials through control of the phaseseparation into an interpenetrating network of organic donors and acceptors sandwiched between two electrodes with different work functions. Due to the necessity of bipolar charge transport in the bulk of such devices a strong connection between the ef®ciency and the morphology is expected.
Recently it has been shown that comparable ef®ciencies can be obtained for photovoltaic devices produced from alkoxy substituted PPVs with PCBM and also with C 60 [8, 14] . While the excellent ®lm forming properties of MDMO-PPV with fullerene-based acceptors are well known, the class of substituted polythiophenes is known to show a higher tendency of phase separation with fullerenes [19] . Due to this, photovoltaic devices based on blends of polythiophenes with fullerenes have not been investigated as extensively as their PPV pendants. It is, therefore, interesting to compare these two different classes of conjugated polymers with respect to their photovoltaic behavior in composite ®lms with fullerenes. The quality and homogeneity of the composite ®lm brings several other implications concerning the ef®ciency of the solar cell.
Inhomogeneous ®lms with pinholes and/or a large serial resistivity lead to small ®ll factors (FF), lower recti®cation and decreased open circuit voltages (V oc ). In addition, it has been clearly shown that by decreasing the device thickness to an optimum value the ef®ciency can be increased signi®cantly [20] . For the processing of pinhole free thin ®lm devices excellent control over the ®lm morphology is compulsory.
In this study, we present polymeric photovoltaic devices based on the following composites: MDMO-PPV/PCBM (1:3 weight ratio), poly(3-octylthiophene) (P3OT)/C 60 (1:1 weight ratio), P3OT/PCBM monoadduct and multiadduct (1:2 weight ratio). While PCBM monoadduct has one side group, PCBM multiadduct has two or three of the same side groups attached to the sphere in a variety of relative positions.
All devices were produced on 6 cmÂ6 cm large semitransparent ITO coated polyester foil with an active area of 16 cm 2 . Using a polymer foil instead of glass substrates is important for the production of plastic solar cells on an industrial scale, because polymer foils are easier to handle in processing steps like cutting of large entities into smaller individual modules, laminating etc. Devices were characterized by current voltage (I/V) measurements under monochromatic light as well as by wavelength dependent photocurrent measurements. From these data power ef®-ciencies were calculated and compared to carrier collection ef®ciencies (incident photon to converted electron, IPCE). For all devices, the surface morphology was investigated by atomic force microscopy (AFM).
Experimental
The device con®guration and device preparation for polymeric photovoltaic cells (and photodetectors) were described before [8, 12, 21] . The photovoltaic devices consist of four layers as shown in Fig . Subsequently, the photoactive layer was produced by spin coating ®lms of the composites: MDMO-PPV/PCBM (1:3 weight ratio), P3OT/C 60 (1:1 weight ratio), P3OT/PCBM monoadduct and P3OT/PCBM multiadduct (both 1:2 weight ratio) from xylene solutions on top of the PEDOT-PSS layer. The enhanced solubility of PCBM [22] compared to C 60 allows a high fullerene/conjugated polymer ratio in donor± acceptor bulk heterojunctions. After an additional drying step the aluminum top electrode was deposited by vacuum evaporation. The thickness of the polymer/fullerene layers as monitored by Dektak and optical absorption measure-ments was typically in the range of 120±150 nm. Exchanging the type of fullerene for the P3OT devices varied the ®lm thickness by less than 10%.
All cells were produced under ambient conditions. No actions were taken to remove possibly adsorbed oxygen from the cells. A defocused Ar laser beam at 488 nm provided illumination. Optical absorption was recorded with a Hitachi spectrophotometer. Light intensities were measured by a calibrated Si Photodiode. A Keithley SMU 2400 Source Meter was used to record the I/V curves by illuminating the cells through the ITO side, typically by averaging 80 measurements for one point.
Results and discussion
All solar cells were produced in the sandwich geometry as mentioned above, i.e. between two metal electrodes with different work functions, ITO (f ITO $4.7 eV) as anode (hole collector) and aluminum (f Al 4.3 eV) as cathode (electron collector). Although the work function of ITO is a poorly de®ned quantity (values ranging from 5.5 [23] to 4.1 eV [24] are reported in literature), recent estimates seem to converge into the range between 4.5±4.9 eV [25, 26] . Asymmetric work functions of the electrodes in these interpenetrating network photovoltaic devices are important: It has been shown that in such devices charge separation, migration and collection at the corresponding electrodes are favorably tuned by an external electric ®eld [27] . Without this built-in ®eld there will be no selection principle for the holes to travel to the ITO and for the electrons to go to the aluminum electrode. At fullerene concentrations higher than the percolation threshold of 17 vol.% [18] this electric ®eld separates the non-equilibrium carriers generated by the incident light and a short circuit current is delivered to the electrodes.
The calculation of the overall energy conversion ef®-ciency, Z e has been performed using the equation
under different intensities, where V oc , I sc , FF and P inc are the open circuit potential, short circuit current, filling factor and incident light power, respectively. We determine the value of the fill factor of the device, FF, by calculating the area of the maximum power rectangular area under the I/V curve in the fourth quadrant. Therefore, the filling factor is given by where V max and I max are voltage and current, respectively, at the point of maximum power output. For this comparative study a photovoltaic device produced from MDMO-PPV/PCBM is presented and discussed ®rst. Fig. 2 shows the I/V characteristics of an ITO/PEDOT/ MDMO-PPV:PCBM/Al¯exible large area plastic solar cell on a linear as well as logarithmic scale. Because of the logarithmic scale of the current axis, the absolute value of the current is plotted against the voltage. The characteristic values of the device in Fig. 2 are V oc $600 mV, I sc %1 mA/ cm 2 and a ®ll factor FF$0.3 under monochromatic illumination (488 nm) with 20 mW/cm 2 . Open circuit voltages higher than 800 mV were observed for these devices. The recti®cation of this device is $10 at AE1 V in the dark while under illumination the forward and reverse current are found to be almost symmetrical at AE2 V. At higher forward bias, the dark and the photocurrent are comparable to each other, indicating that photoconductivity does not play an important role for this device. The dark I/V curve shows a small change in the curvature at 0.5 V. Between À0.5 and 0.5 V the logarithmically plotted dark current is rather symmetric to the 0 V center for positive and negative applied voltages. Such a symmetry can be explained by the contribution of a small shunt resistivity to the diode current. Small shunts manifest as`Ohmic' behavior in the low current regime of a diode. For identically produced devices with smaller active areas (<1 cm 2 ) a FF as high as 0.45 was observed. The decrease of the FF with increasing device area indicates the loss of ®lm quality due to the upscaling.
In Fig. 3 The recti®ca-tion of this device in the dark at AE1 V ($6) is lower than for the MDMO-PPV/PCBM device presented in Fig. 2 . A change in the curvature of the dark I/V curve at $0.5 V is observed together with a highly symmetric current/voltage behavior around 0 V in the logarithmic plot between AE0.5 V. In the forward direction at higher voltages, dark current and photocurrent show comparable values and no dominant photoconductivity is observed.
The current/voltage characteristics for a device with P3OT and PCBM monoadduct as the photoactive layer are presented in Fig. 4 . The I/V data of the ITO/PEDOT/ P3OT:PCBM/Al¯exible large area plastic solar cell are plotted again in a linear and logarithmic scale. The typical data of this device under monochromatic illumination (488 nm) with 20 mW/cm 2 are: V oc $600 mV, and FF0.27. Even though the enhanced solubility of PCBM compared to C 60 allows the preparation of higher fullerene concentrated solutions, using PCBM monoadduct we obtain a signi®cant smaller short circuit current of $0.63 mA/cm 2 compared to the short circuit current for the P3OT:C 60 device (1.06 mA/cm 2 ). The recti®cation of the P3OT:PCBM monoadduct devices ($15 at AE2 V, $13 at AE1 V) in the dark is comparable with the other devices. However, the P3OT:PCBM monoadduct device distinguishes signi®cantly from the other devices by its I/V behavior in forward direction. While the MDMO-PPV:PCBM and the P3OT:C 60 devices did not exhibit photoconductivity, the P3OT:PCBM monoadduct diode shows signi®cant photo- the I/V characteristics of organic multi-layer light emitting diodes [28] .
PCBM multiadduct is rather similar to PCBM monoadduct from its electronic properties while the solubility, the ®lm forming properties and the tendency against crystallization are enhanced compared to the monosubstituted methanofullerene. The multiadduct is, therefore, an excellent candidate to prove whether the results observed for P3OT:C 60 and P3OT:PCBM monoadduct follow a trend or not. The relevant data of the I/V characteristics of a ITO/ PEDOT/P3OT:PCBM multiadduct/Al¯exible large area plastic solar cell are compared to the results of the other P3OT devices in Table 1 . The values in Table 1 (I sc , I photo (2 V), I dark (2 V), V oc ) are normalized to the results for the P3OT:C 60 device. From Table 1 it is seen that the multiadduct device has enhanced photoconductivity and increased serial resistivity and con®rms the tendency observed for the PCBM monoadduct and pristine C 60 containing devices.
Also seen from Table 1 the P3OT:C60 system gives the best photovoltaic response of all the P3OT devices investigated in this study. Fig. 5 compares the I/V characteristics of the MDMO-PPV:PCBM reference photovoltaic device with the P3OT:C 60 device under illumination and in the dark. We obtained comparably high I sc values for the devices made from P3OT and MDMO-PPV blended with C 60 and PCBM, respectively. The typical V oc values for our large area devices on¯exible ITO covered polyester substrates are around 600 mV. Even higher open circuit voltages (up to 800 mV) were observed for small area (<1 cm 2 ) spin cast devices on high quality ITO glass. The difference between the small and large area diodes is explained by a slight increase of the number of shunts for the large area devices. The value of the open circuit voltage for the bulk heterojunction devices is frequently interpreted (within the metalinsulator-metal MIM tunneldiode picture) as a function of the work function difference of the two electrodes (Al4.3 eV; ITO4.7 eV) which would yield a V oc of Table 1 I sc , V oc , I photo (2 V) and I dark (2 V) for P3OT/fullerene acceptor devices C60  100  100  100  96  P3OT:PCBM monoadduct  61  100  70  50  P3OT:PCBM multiadduct  28  100  43  27 a The I sc and V oc values are normalized to the data of the P3OT:C 60 device, while the I photo (2 V) and I dark (2 V) are normalized to the I photo (2 V) of the P3OT:C 60 device. 400; or lower, as was found by other groups [29, 30] . The experimentally observed V oc is clearly not consistent with this picture. The contribution of the PEDOT layer to this observed V oc is not clear. The formation of space charge layers at the electrode/polymer interface may lead to local potentials in¯uencing the open circuit potential. Capacitance measurements were performed and the dependence of the built-in ®eld on the work function of the electrodes was investigated to characterize the nature of the inorganic/ organic interfaces in interpenetrating network solar cells. The formation of localized dipole layers at the electron collecting metal/organic semiconductor interface (cathode) was observed in conjugated polymer/fullerene photovoltaic devices [31] .
The overall energy conversion ef®ciency, Z e , for the P3OT/C 60 as well as for the MDMO-PPV/PCBM¯exible plastic solar cells was calculated to be approximately 1.5% under monochromatic 10 mW/cm 2 illumination (488 nm) [16, 17, 20, 32] .
The photovoltaic external quantum ef®ciency (charge carrier per incident photon) or the spectrally resolved incident photon to converted electron ef®ciency IPCE (Z c ) is calculated from the spectrally resolved short-circuit current,
where I inc is the intensity of the incident light. The maximum value of the electron to photon conversion efficiency of an MDMO-PPV/PCBM solar cell is found to be about 20% at 488 nm, which is comparable to earlier reports [16] . On the other hand for a P3OT/C 60 flexible large area plastic solar cell we also achieved an IPCE of $20% (I sc of $800 mA/ cm 2 under an argon laser at 488 nm with 10 mW/cm 2 ) [32] . Fig. 6 shows the dependence of the short circuit current on the incident light intensity, which follows a power law I sc $I a . The scaling exponent a was ®tted to 0.89 and 0.93 for ITO/ PEDOT/MDMO-PPV:PCBM/Al (solid circles) and ITO/ PEDOT/P3OT:C 60 /Al (open circles) photovoltaic devices, respectively, between 0.01 and 10 mW/cm 2 . At higher intensities I sc is limited either by bimolecular recombination or saturation behavior. For the large area photovoltaic devices investigated in this study both processes may be relevant. Scaling exponents close to 1 are expected for devices, where both electron and hole transport are comparably ef®cient and bimolecular recombination not signi®cant. Low charge carrier mobilities in the pristine components (PPV$10 À4 cm 2 /V s [33±35] and C 60 $10 À2 cm 2 /V s [36] are expected to give an upper limit for the photocurrent. However, due to the phase separation or aggregation of the two components inside the interpenetrating network, the overall mobility of the network might be lower than the mobilities of the single components.
The I/V studies for P3OT photovoltaic devices with different acceptors discussed above already gave indications that the photovoltaic conversion ef®ciency is strongly related to the interpenetrating network morphology for bipolar devices. Therefore, we investigated the surface morphology of the composite materials using atomic force microscope (AFM). Fig. 7 illustrates an AFM comparison of MDMO-PPV/PCBM (a), P3OT/C 60 (b), P3OT/PCBM monoadduct (c) and P3OT/PCBM multiadduct (d) composite ®lms. The pictures were taken directly from the devices after the I/V measurements. MDMO-PPV/PCBM composite ®lms show rather homogeneous ®lms without pinholes. P3OT/C 60 composite ®lms show very homogeneous ®lms in the sub-mm scale. In contrast, the P3OT/PCBM monoadduct ®lms show strong phase separation on a horizontal scale of several mm. Pinholes with depths of $30 nm are observed in the P3OT/PCBM ®lms. The AFM results con®rm the ®ndings from I/V spectroscopy. Substituting C 60 by PCBM monoadduct in a P3OT matrix introduces enhanced phase separation in the interpenetrating network, thus leading to lower short circuit currents, more pronounced photoconductivity and higher serial resistivities. The AFM picture of the P3OT:PCBM multiadduct is more complicated to interpret. The surface of this composite is rather unstructured and homogenous. Several crater like features with submm size are observed. Within the center of these craters, pinholes with depths of >50 nm and a width of $100 nm diameter are located. Such features are not observed in the pristine polymer ®lms and must be related to the presence of PCBM multiadduct in the composite. Molecule speci®c studies are necessary to determine whether the surface consists of the pristine acceptor PCBM multiadduct or of a blend of P3OT with PCBM multiadduct. 
Conclusion
Large area photovoltaic devices fabricated from several blends of MDMO-PPV and P3OT as donors and fullerene (C 60 ) and methanofullerene (PCBM) as acceptors show open circuit voltages up to 600 mV and short circuit currents up to 1 mA/cm 2 under monochromatic illumination (488 nm) with 20 mW/cm 2 . Large area¯exible plastic solar cells can be fabricated with P3OT:C 60 blends. These cells are equally ef®cient as the MDMO-PPV/PCBM large areā exible plastic solar cell. Under 10 mW/cm 2 monochromatic light at 488 nm the overall energy conversion ef®-ciency, Z e , of a P3OT/C 60¯e xible plastic solar cell presented here is calculated to be around 1.5% with a FF0.3 and an IPCE of nearly 20%. Detailed analysis of I/V curves combined with AFM spectroscopy allowed a precise evaluation of the performance of photovoltaic devices based on P3OT and different fullerene acceptors. P3OT:C 60 formed pinhole free and homogenous ®lms on the sub-mm scale. In ®lms of P3OT with more soluble methanofullerenes (PCBM monoadduct and multiadduct) phase separation and pinholes were observed. Consequently, these devices exhibited lower conversion ef®ciency, enhanced photoconductivity and higher serial resistivities.
